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Abstract: We report the surface cladding-like waveguide fabricated by the cooperation of the 
ultrafast laser writing and the ion irradiation. The ultrafast laser writes tracks near the surface 
of the Nd:YAG crystal, constructing a semi-circle columnar structure with a decreased 
refractive index of – 0.00208. Then, the Nd:YAG crystal is irradiated by the Carbon ion 
beam, forming an enhanced-well in the semi-circle columnar with an increased refractive 
index of + 0.0024. Tracks and the enhanced-well consisted a surface cladding-like 
waveguide. Utilizing this cladding-like waveguide as the gain medium for the waveguide 
lasing, optimized characterizations were observed compared with the monolayer waveguide. 
This work demonstrates the refractive index of the Nd:YAG crystal can be well tailored by 
the cooperation of the ultrafast laser writing and the ion irradiation, which provides an 
convenient way to fabricate the complex and multilayered photonics devices. 
© 2017 Optical Society of America 
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1. Introduction
The cladding waveguide/fiber is an optical structure with triple layers, which have a gradient 
refractive index increasing from the outer to the core, so called the outer cladding, inner 
cladding and core. Compared with the monolayer waveguide/fiber, the cladding structure 
allows a higher coupling efficiency with the diode laser, and most of guided light is 
concentrated in the core leading to higher energy intensity. In a laser system, the laser 
oscillation can be optimized by the cladding-like structure, such as a lower threshold and 
higher slope efficiency [1–5]. 
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The waveguide laser is a micro laser system with the waveguide as the resonant cavity 
and the gain medium, which is one basic active component for integrated photonic circuits 
[6–10]. The choice of the optical material and the design of the structure for the waveguide 
are both important for efficiency laser emission. The neodymium doped yttrium aluminum 
garnet sproved to be one of the mostly used gain media for waveguide lasers. Until now, 
efforts to fabricate waveguide lasers in Nd:YAG laser crystal have predominantly focused on 
ion beam implantation/irradiation [11–13], ultrafast laser writing [14–17] and epitaxial 
growth technique [18]. Among them, the ion irradiation and ultrafast laser writing are 
recognized as the most powerful techniques. The ion irradiation increases the refractive index 
of the YAG crystal, and constructs an enhanced-well for optical waveguide construction [19]. 
While, the ultrafast laser writing makes tracks inside the YAG crystal with the decreased 
refractive index, and the waveguide core is typically surrounded by a number of tracks (Type 
II and Type III configuration waveguides). The ion irradiation is extensively applied for the 
planar waveguide fabrication. And the ultrafast laser writing is a powerful and promising 
method to fabricate optical waveguides with diverse geometries [20–22]. 
In this work, we applied ultrafast laser writing and ion irradiation to fabricate a surface 
cladding waveguide structure in Nd:YAG crystal, composed by an outer cladding layer (fs-
laser induced damage tracks), an inner cladding (the region between tracks and ion irradiated 
region) and a core layer (the region irradiated by Carbon ion). Due to the multilayer structure, 
the Nd:YAG cladding waveguide has a higher coupling efficiency with the pump laser. And 
the guided light is much easier coupled into the core from the outer cladding, leading to a 
higher optical intensity. As a result, the laser oscillation in the Nd:YAG cladding waveguide 
has a higher slope efficiency and a lower laser threshold. Additionally, due to the high output 
power and ensuring spatial mode control, this work proves a new way to develop double-
cladding, cladding-pumped or large-mode-area planar waveguides. Furthermore, the tungsten 
disulfide nanoplatelets were added onto the surface of the Nd:YAG cladding waveguide as 
the saturable absorber through the evanescent field interaction. Under the 810 nm laser 
pumping, the Q-switched pulses were observed at the wavelength of 1064 nm. 
2. Experimental in details 
 
Fig. 1. (a) The schematic process of ultrafast laser writing (Step1) and ion irradiation (Step2) 
for the cladding-like waveguide. (b) The microscope image of the sample cross section and 
corresponding refractive index as a function with the depth of the distance from the sample 
surface. 
The Nd:YAG crystal (doped by 1 at.% Nd3+ ions) used in this work was cut into dimensions 
of 10 × 9 × 2 mm3 with biggest facets optically polished. The cladding-like waveguide was 
fabricated on the biggest surface of the Nd:YAG wafer following steps in Fig. 1(a). First, 
tracks were written by fs-laser near the surface of Nd:YAG crystal and constructed a semi-
circle columnar structure. An amplified Ti:Sapphire laser system (Spitfire, Spectra Physics) 
was applied for generating linearly polarized 120 fs pulses at a central wavelength of 800 nm 
(with 1 kHz repetition rate and 1 mJ maximum pulse energy). The writing velocity was 500 
μm/s with a 3-μm separation between adjacent two tracks. Details of the laser-writing 
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Nd:YAG waveguide has been reported in [23]. Then, to obtain cladding-like waveguide, C3+ 
ions at energy of 6 MeV and fluence of 3 × 1014 ions/cm2 were irradiated on top of the biggest 
surface (i.e., the depressed cladding waveguide surface) to form a planar waveguide layer at 
Peking University. Details of the ion-irradiating Nd:YAG waveguide has been reported in 
[24]. As a consequence, a cladding-like waveguide with a thickness of 3.8 μm was 
constructed on the Nd:YAG crystal near the surface. Afterward, to improve the waveguides 
performance, we employed thermal annealing treatment at 220 °C for 4 h in open air. A 
microscope (Axio Imager, Carl Zeiss) was utilized to image the cross sections of the 
cladding-like waveguide in Nd:YAG crystal. 
The waveguide laser operation experiments in CW and pulsed regimes were both 
performed by using end pumping system at room temperature. A polarized light beam at a 
wavelength of 810 nm from a tunable CW Ti:Sapphire laser (Coherent MBR 110) was 
coupled into the waveguide by a spherical convex lens with focus length of 25 mm. The 
Fabry–Perot laser cavity was formed by the two polished end facets without additional 
dielectric mirrors. To generate the laser pulses, a WS2 film as the saturable absorber was 
dispersed into a solution and spin-coated onto the surface of the waveguide. The generated 
waveguide lasers were collected by utilizing a 20 × microscope objective lens (N.A. = 0.4) 
and imaged by an IR CCD. We used a spectrometer with resolution of 0.2 nm to analyze the 
emission spectra of the CW laser beam from the waveguide, and an oscilloscope (Tektronix 
TDS 202 2B, 200 MHz) to analyze the pulse trains of the pulsed waveguide laser beams. The 
propagation loss of the waveguide was measured to be 0.6 dB/cm following the method in 
[25]. 
3. Results and discussion 
3.1 Characterizations 
Figure 1(b) shows the microscopic image of the cross section of the waveguide, which has a 
cladder-like distribution. The outer cladding was a semi-circle columnar surrounded by tracks 
with a diameter of 20 μm. The inner cladding was between the irradiated and ultrafast laser 
written regions. And the core was formed by the Carbon ion irradiation with a thickness of 
3.8 μm. We reconstructed the refractive index profile of the waveguide by the intensity 
profile fitting method (IPFM) [2] which was assumed to be superposed by Carbon ion 
irradiation and Ultrafast laser writing following the expression below: 
 1 2n( ) ( ) ( )z a n z b n z= +    (1) 
where Δn is the refractive index change; Δn1 [26] and Δn2 [27] are the refractive index change 
induced by fs-laser writing and Carbon ion irradiation, respectively. 
The inset in Fig. 1(b) displays the reconstructed refractive index profile with the red 
dashed line (a = 1 and b = 1). As one can see, the refractive index in the outer cladding is 
decreased with Δn = −0.00208, which forms an optical barrier and confines the light between 
tracks and the surface of Nd:YAG crystal. The refractive index of the inner cladding was 
slightly increased due to the compression effect induced by the ultrafast laser writing process. 
And the core has the maximum refractive index change of Δn = + 0.00112. Based on 
reconstructed refractive index, the guided mode of the cladding waveguide was calculated by 
the Finite Difference Beam Propagation Method (FD-BPM) [28]. As shown in Figs. 2(a) and 
2(b), the cladding guided light supports single modes at the wavelength of 1064 nm with the 
polarization of light vertical [Fig. 2(a), s-polarization) / parallel (Fig. 2(b), p-polarization] to 
the surface of the waveguide. We also measured guided modes with the detecting light at the 
wavelength of 1064 nm shown in Fig. 2(c) and Fig. 2(d). Compared with measured and 
calculated results, one can conclude that the simulated results match quite well with the 
experimental data. 
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In order to demonstrate optimizations of the cladding-like waveguide, guided modes of 
waveguides fabricated by a single technology (Ultrafast laser writing or Carbon ion 
irradiation) were also calculated by FD-BPM. Compared with the monolayer waveguide 
fabricated by ultrafast laser writing [as shown in Fig. 2(e) or Fig. 2(f)], the guided light is 
confined in the core, resulting in much higher optical intensities. Additionally, compared with 
the monolayer waveguide by Carbon ion irradiation [as shown in Fig. 2(g) or Fig. 2(h)], the 
cladding-like waveguide is the channel waveguide instead of the planar waveguide. Besides 
the coupling efficiency of the cladding-like waveguide has raised with respect to the 
monolayer waveguide by Carbon ion irradiation based on the stimulation. Further can be 
much easily coupled into the core due to the confinement of the inner and outer cladding. The 
superiority of the cladding-like waveguide is the balance of the high coupling efficiency and 
the high intensity of the light, which gives us a hint for the design of the novel waveguide 
laser with enhanced laser properties. 
 
Fig. 2. Simulated near-field intensity distribution of the cladding-like waveguide at 1064nm 
along s-polarization (a) and p-polarization (b). Measured near-field intensity distribution of the 
cladding-like waveguide at 1064nm along s-polarization (c) and p-polarization (d). Simulated 
near-field intensity distribution of the monolayer waveguide by ultrafast laser writing along s-
polarization (e) and p-polarization (f) and by Carbon ion irradiation along s-polarization (g) 
and p-polarization (h). 
3.2 Applications 
 
Fig. 3. (a) Laser emission spectrum from the Nd:YAG cladding-like waveguide. The inset 
graphs display the laser mode of the laser from the waveguide cores at both s- and p- 
polarization at the lasing wavelength of ~1064 nm. (b) The CW waveguide laser output powers 
at 1064 nm as a function of the absorbed light power at 808 nm. The dark rectangular and red 
rounded symbols stand for the data along s- and p- polarization, respectively. The solid lines 
represent the linear fit of the experimental data. 
The cladding-like waveguide was used as the gain medium and resonant cavity for the CW 
laser oscillation. Figure 3(a) depicts laser emission spectrum of the output light from the 
cladding-like Nd:YAG waveguide The central wavelength of the output laser is at 1064 nm 
with a Full-Width Half-Maximum (FWHM) of ~0.4 nm, corresponding to the fluorescence of 
4F3/2 → 4I11/2 transmission in the Nd3+ ions. The insets of Fig. 3(a) show the intensity 
                                                                                              Vol. 25, No. 16 | 7 Aug 2017 | OPTICS EXPRESS 19607 
distributions of the laser modes at both s and p polarizations, exhibiting single mode profiles. 
Figure 3(b) shows the output power of the CW laser as a function of the pump power, with 
the pumping laser along s and p polarizations. Based on the linear fitting of the measured 
data, it is determined the lasing thresholds for 1064 nm oscillations are 24.4 mW, and the 
slope efficiencies are 24.2% (s - polarization) and 27.8% (p - polarization), respectively. 
In order to obtain the pulsed laser, WS2 nanoplatelets were dispersed into a solution and 
spin-coated onto the surface of the cladding-like waveguide, as the saturable absorber (Fig. 
4(a) [29–31]. The morphology of the WS2 nanoplatelets is determined by TEM (Transmission 
Electron Microscope) in Figs. 4(b) and 4(c). Above the lasing threshold, the stable pulse train 
was observed due to the modulation of the WS2 nanoplatelets as shown in Fig. 4(d). The 
repetition rate increased with increasing pump power, which is quite in good agreement with 
the previous work [32]. Figure 4(e) illustrates the powers of the output laser as a function of 
the power of the pumping laser at 810 nm along the s-polarization. The lasing threshold was 
120 mW, which is slightly higher than CW laser. However, it is lower than the Q-switched 
laser in [24]. Figure 4(f) shows the dependence of the repetition rate and pulse duration along 
with the pumping power at s-polarized. As one can see, efficient short–pulse waveguide 
lasers with repetition rate in scale of MHz with the help of the evanescent–field interaction 
between the waveguide laser and WS2. As Fig. 4(f) depicted, with the pumping power 
increasing, the pulse repetition rates were monotonous increasing from 1.6 MHz to 4.6 MHz, 
resulting in tunable ranges of 3 MHz. Meanwhile the pulse widths became smooth and the 
minimum pulse widths were obtained to be 45 ns. 
Fig. 4. (a) The image of coating WS2, (b) low magnification TEM image, and (c) high 
magnification TEM image. (d) The exhibition of pulse trains at s-polarized input power of 
152mW (up), at 84mW (down). (e) The power of the output laser as a function of pump power, 
and (f) the repetition rate and the pulse duration of the pulsed laser 
4. Conclusion
We fabricated the surface cladding-like waveguide by the cooperation of the ultrafast laser 
writing and the ion irradiation. This cladding-like waveguide was proved to have higher 
intensity density compared to the monolayer waveguide, which is convenient for the laser 
oscillation. Under the pump at 810 nm, the stable CW and the Q-switched waveguide lasing 
at 1064 nm were realized. The stable CW waveguide laser has a maximum output power of 
28.4 mW and the slope efficiency of 27.8%. Using the WS2 as the saturable absorber, the Q-
switched pulsed laser was achieved with pulse duration of 45 ns. This work suggests that the 
technique with cooperation of the ultrafast laser writing and the ion irradiation may be an 
efficient method to fabricate diverse waveguides in a large range of optical materials. 
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